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Abstract
The results of a study on the determination of trace levels of arsenic with nanoelectrode ensembles (NEEs) are re-
ported. In order to lower the detection limit and to increase the number of performable analysis for each NEE, the
right choice of the supporting electrolyte concentration and electroanalytical parameters were optimized. The elec-
trochemical behavior of As(III) at NEEs was studied at first by cyclic voltammetry, while trace concentrations of
As(III) were determined by anodic stripping square wave voltammetry. The method is characterized by a detection
limit as low as 5 ng/L (65 pM) after 3 min preconcentration at 0.4 V. Finally, NEEs were applied to trace As analy-
sis in real samples such as certified seawater samples.
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1 Introduction
The control of arsenic concentration in drinking water is
an actual challenge because of the toxicity of this element
and its widespread presence in the environment [1].
The origin of this presence can be found both in the
natural composition of rocks and soils (As is the 20th ele-
ment in the earths crust in abundance), and as a conse-
quence of human activity.
In 1993, the World Health Organization (WHO) set to
10 mg/L the maximum limit for As concentration in drink-
ing water, value adopted also by the European legislation.
As a consequence, there is a real need for simple and reli-
able analytical methods able to reach this low detection
limit, being, at the same time, suitable for decentralized
analysis even in remote areas.
Hydride generation followed by atomic absorption
spectroscopy is, perhaps, the most widely used method for
inorganic arsenic detection, after Holaks [2] first report
in 1969. Considering that As can be present both in the
3+ and 5+ oxidation state, a preliminary reduction step
is required since only As(III) reacts with NaBH4 [3].
Inductively coupled plasma (ICP) techniques are also
used as analytical tools for arsenic analysis [4]. The most
important advantage (but also limit [5]) of this technique
is that the high temperature of the plasma atomizes and
ionizes all forms of arsenic so that the response does not
depend on the molecular speciation of As in the sample.
Another possible drawback of ICP-MS is the possible in-
terference from high levels of chloride which generates
argon chloride (40Ar35Cl) in the plasma which interferes
with (75As) [6].
Among the others, electrochemical methods of analysis
are employed for As determination with the advantage of
requiring less expensive instrumentation and being suita-
ble for on-site control and decentralized monitoring.
Both cathodic and anodic stripping voltammetry are
used for the electrochemical determination of trace As
using the hanging mercury electrode [7–9], or gold elec-
trodes [10] as the working electrode.
Recent papers [11,12] showed that the stripping vol-
tammetric (ASV) determination of arsenic can be im-
proved by nanostructuring the electrode surface. In par-
ticular, several papers described the successful use of
carbon electrodes modified with gold nanoparticles (Au-
Nps) for trace arsenic analysis. The Au-Nps can be depos-
ited by mean of electroless [13] or electrochemical meth-
ods [14,15]. The so prepared modified electrodes showed
detection limit (DL) of 0.01 mg L1 [11]. Trace As(III)
has been successfully detected also using gold microelec-
trode array in which the electrode surface is coated by a
thin Nafion film [12].
Arsenic toxicity is function of its speciation; as far as
the oxidation state is concerned, it is known that As(V) is
100 times less toxic than As(III) [16]. Therefore, a
method to differentiate between these two redox states is
required. Different approaches to As redox speciation
have been described after the first attempt performed by
Nurnberg [17]. In most cases, the speciation analysis is
performed by quantifying the difference between As(III),
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originally present in the sample, and total inorganic arsenic
determined after reduction of As(V) to As(III). The latter
process can be performed by using chemical or electro-
chemical reduction [18], but the former method is the
most widely applied. For this purpose, various chemical re-
ducing agents have been used such as potassium iodide
and ascorbic acid [19], sodium sulfite [20], gaseous SO2
[17], cuprous chloride [21,22] and a-cysteine [10,23]. How-
ever, some of them are not suitable for combination with
ASV (KI) or require complex setup (SO2 and Cu2Cl2).
In the present work we choose to use solid a-cysteine
as the reducing agent, which acts easily and efficiently on
As(V) reduction, according to the reaction shown in
Scheme 1:
In order to try to further improve the reliability and an-
alytical performances of the ASV determination of trace
arsenic, in the present work we examine the possibility to
exploit the improved electroanalytical performances of
the so called nanoelectrode ensembles (NEEs). It was
indeed demonstrated that, thanks to dramatically im-
proved signal to background current ratio and enhanced
diffusion [24,25], NEEs can be successfully applied to
trace analysis of a variety of redox analytes ranging from
small organics [26,27] to large redox proteins and anti-
gens [28,29], from antibiotics [30] to iodide [31,32].
In the present work we examine the use of NEEs for
the anodic stripping analysis of inorganic arsenic focusing,
in particular, on the optimization of the analytical condi-
tions in order to lower the DL and improve the analytical
performance. Note that, up to know, NEEs were used for
the direct determination of analytes and this is the first
paper showing that such nanostructured electrodes can be
applied to ASV analysis. With respect to the so-called
GNEEs grown from seeded Au-Nps in thiol functional-
ized silicate network [33], the membrane template NEEs
used here allow a better control of the nanoelectrode
density. The improved ratio between the active and geo-
metric area of the NEEs used here with respect to the
GNEE in ref [33], should improve the signal/background
current ratio, further lowering detection limits [25,34].
2 Experimental
2.1 Materials
Polycarbonate filtration membranes (SPI-Pore, 47 mm
filter diameter, 6 mm filter thickness, 6108 pores/cm2)
with a nominal pore diameter of 30 nm and coated with
the wetting agent polyvinylpyrrolidone were used as the
templates to prepare the NEEs.
As(III) stock solutions (100 mg/L) were prepared by di-
lution of a 0.05 mol/L standard NaAsO2 solution (Carlo
Erba). As(V) stock solutions (1000 mg/L) were prepared
from a 1000 mg/L standard commercial solution of As2O5
(tritisol, Merck). All other solutions were prepared with
ACS grade reagents. Purified water (18.3 MW) was ob-
tained using a Human UP 900 water purification system.
CASS-4 certified reference standard was provided by
the Canadian National Research Council. It consists of
sea water (Nearshore seawater), acidified with HNO3,
with mass fractions and mass concentrations assigned for
12 elements. The certified concentration of As is 1.11
0.16 mg/L and of Cu is 0.5920.055 mg/L.
2.2 Apparatus
All electroanalytical measurements were carried out at
room temperature (221 8C) using a three-electrodes
single compartment cell equipped with a platinum wire
counter electrode and an Ag/AgCl (KCl saturated) refer-
ence electrode. All potential values are referred to this
reference electrode.
A CHI440 apparatus controlled via PC by its own soft-
ware, was used for voltammetric measurements.
2.3 Electrodes Preparation
The nanoelectrode ensembles were prepared using the
electroless plating procedure and assembled using a pre-
viously described procedure [25] and following modifica-
tions [35–37].
Briefly, after wetting for 2 h in methanol, the track-
etched polycarbonate membrane was sensitized into
0.026 M SnCl2, 0.07 M trifluoroacetic acid in 50% metha-
nol in water, for 45 min. After rinsing in methanol, the
membrane was dipped in 0.029 M Ag[(NH3)2]NO3 for
10 min. The membrane was rinsed in methanol and then
in water and successively was immersed into the Au plat-
ing bath containing 7.9103 M Na3Au(SO3)2 in 0.127 M
Na2SO3, at 08. After 30 min, 0.625 M formaldehyde was
added to the bath. Electroless deposition was allowed to
proceed for 15 h, after which additional 0.625 M formal-
dehyde was added.
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Scheme 1. As(V) reduction scheme.
Electroanalysis 2012, 24, No. 4, 798 – 806  2012 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.electroanalysis.wiley-vch.de 799
Electroanalysis of Trace Inorganic Arsenic with Gold Nanoelectrode Ensembles
After a total of 24 h of plating, the golden membrane
was rinsed with water and dipped for 6 h in 10% HNO3,
then rinsed again with water and dried. Handy NEEs
were assembled as previously described [25].
A small piece (approximately 8 mm8 mm) of golden
membrane was attached to a suitable conductive sub-
strate; the gold layer on the outer face of the membrane
was removed by peeling with scotch tape (so that only
the head of the gold nanowires inside the pores will be
exposed to the sample solution); all the surface of the
NEE, apart a hole of 3 mm diameter (which defines the
geometric area of the ensemble, Ageom=0.07 cm
2), was in-
sulated with a film of plastics (Monokote by Topflite).
The estimated active area (Aact), i.e. the area of the Au
nanodisks exposed is 3104 cm2 [37]. Good sealing be-
tween the nanoelectrodes and the polycarbonate was as-
sured by heating the NEE at 150 8C for 15 min.
Conventional “macro” gold electrodes, hereafter
named “Aumacro”, were prepared via sputtering deposition
(roughness Ra=15 nm) into a spirally tracked poly-
carbonate (PC) slide (a support for CDs). This kind of
material allows the deposition of gold without any inter-
layer and therefore the preparation of the electrode
became easier. The gilded plate was cut into slides (ca.
2.5 cm1.0 cm) and the geometric area of the electrodes
(0.07 cm2) was defined, as for the NEE, by the diameter
of a hole punched in a strip of insulating tape. The electri-
cal contact was made with a copper tape before placing
the insulating tape.
2.4 Procedures
2.4.1 Determination of As(III)
0.33 mL of 6 M HCl +65 mg hydrazine dihydrochloride
were added to 10 mL of water (or to 10 mL of diluted
certified reference solution). ASV measurements were
performed as follows: i) accumulation at 0.4 V per-
formed for the desired time under continuous stirring; ii)
15 s equilibration in quiet solution; iii) SWV stripping
from 0.4 to 0.45 V at 250 Hz frequency, square wave am-
plitude 75 mV, scan increment 12 mV.
2.4.2 Determination of As(V)
50 mL of As(V) solution, 314 mL of 0.78 M hydrazine
(final concentration1.9 mM) and 30 mg of solid cysteine
(4.9 mM) were heated at 808 in a water bath for 30 min
under continuous stirring. After cooling to room tempera-
ture the solution was brought to 50 mL in a volumetric
flask and analyzed with the same procedure used for
As(III).
3 Results and Discussion
3.1 Selection of the Electrolyte
According to previous literature [18,38], at first we exam-
ined the electrochemical behavior of NEEs in 1 M HCl,
62 mM hydrazine [18,38–42].
Figure 2a shows the square wave voltammograms re-
corded at NEE in 1 M HCl. One can note that the back-
ground current in the blank electrolyte increases in subse-
quent scans, displaying a drift. At the seventh scan the
drift was approximately 500 nA. This effect suggests the
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Fig. 1. Scheme of a Au-NEE prepared using a track-etched
polycarbonate membrane as template (A). Particular of the sec-
tion of the active area; (B) top view, (C) section of the all NEE
ready for use as working electrode. a) Track-etched golden mem-
brane; b) copper adhesive tape with conductive glue to connect
to instrumentation; c) aluminum adhesive foil with non-conduc-
tive glue; d) insulating tape. Not all details (namely, the nanoe-
lectrodes dimension) are in scale.
Fig. 2. Square wave voltammograms recorded at NEE in 1 M
HCl (a) or 0.2 M HCl (b) and 62 mM hydrazine. SW parameters:
scan increment 12 mV; amplitude 75 mV; frequency 250 Hz; ini-
tial potential 0.4 V.
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deterioration of the NEE surface with progressive expo-
sure of the gold of the nanofibers and consequent in-
crease of the double-layer charging current [43].
In order to investigate such a possibility, the AFM
characterization before and after the exposure of the
NEEs to 1 M HCl was performed. It was recently shown
that AFM can furnish useful information on the morphol-
ogy of NEEs [37]. Note that, in the present case, we are
interested more in the general behavior of all the assem-
bly rather than on the destiny of the individual nanoe-
lectrodes. Therefore, the AFM scans were performed on
a relatively large spatial scale, examining areas 5050 mm
wide. At variance with the previous paper [37], working
with such a wide spatial scale, the single nanoelectrodes
are only scarcely distinguished from the surrounding
polycarbonate. Relevant AFM topographies are shown in
Figure 3, where Figure 3A refers to a brand new NEE
and Figure 3B shows the topography of a NEE after
being used in 1 M HCl.
One can note that the brand new NEE presents a low
surface roughness, which is quite homogeneously distrib-
uted all over the examined area. On the contrary, the
NEE used in 1 M HCl shows a much rougher surface,
with deep “canyons and valleys” running diagonally all
through the surface. Figure 4 shows relevant profilometric
patterns run in correspondence of the white lines in Fig-
ure 4A and 4B and for a NEE after use in 0.2 M HCl
(see below). The comparison between the broken line
(brand new NEE) and gray line (1 M HCl treated NEE)
profiles confirms the dramatic increase in roughness
caused by the 1 M HCl electrolyte. These evidences sug-
gest that in 1 M HCl the surface of the PC is partially
etched, probably because of hydrolysis of the polymer by
the concentrated acid.
This behavior suggested us to test the effect of a de-
crease of the HCl concentration to 0.2 M (always keeping
hydrazine to 62 mM). Figure 2b shows an overlay of ten
voltammograms recorded in this medium and demon-
strates that now the background current values stay
rather constant for many consecutive scans, moreover the
average SWV background current is much lower, setting
around a value of 0.1 mA.
The comparison of the AFM profilometric sections re-
corded for the NEE after use in 0.2 M HCl (Figure 4,
black line) indicates that the more diluted acid doesnt
damage the NEE surface. Diluted HCl (with hydrazine)
could potentially be the electrolyte of choice. To test such
possibility, in the following section we will examine the
cyclic voltammetric behavior of As(III) at NEEs in such
a medium.
T
O
P
IC
A
L
C
L
U
S
T
E
R
Fig. 3. AFM topographic images of the surface: (A) of brand
new NEE, (B) a NEE after use in 1 M HCl.
Fig. 4. Profilometric patterns recorded for a brand new NEE
(dotted black line), for a NEE used in 0.2 M HCl (full black
line) and of a NEE used in 1 M HCl (full grey line).
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3.2 CV of As(III) at NEE
Figure 5A shows the CVs recorded at 200 mV/s in 40 mg/
L As(III) (in 0.2 M HCl, 62 mM hydrazine, full line) vs.
the background signal recorded in aerated pure support-
ing electrolyte (dotted line). The forward scan of the CV
recorded in the presence of As(III), is characterized by a
cathodic peak at 0.400 V. CVs recorded at different
scan rates (not shown) indicate that the potential of the
cathodic peak shifts from 0.350 V (at 50 mV/s) to
0.450 V (at 500 mV/s). The peak current scales linearly
with v1/2 (see Figure 5A, Inset), indicating a diffusion con-
trolled process. In the backward scan an anodic peak is
detected at about 0.220 V, whose peak height scales line-
arly with the scan rate (not shown). Note that in the reox-
idation scan a crossover in the voltammogram is ob-
served, indicating a process involving the deposition of a
metal on electrodes having a different chemical nature
from the deposit itself [44,45].
All these evidences agree with the reduction of dis-
solved As(III) in the forward scan, according to:
AsðIIIÞ þ 3e ! Asð0Þ ð1Þ
The quite large value of EpEp/2, which is 100 mV at
v=200 mV/s, indicates that the reduction is not fully re-
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Fig. 5. Cyclic voltammograms recorded at 0.2 V/s at a NEE (A) and at an Aumacro electrode (B) in solution of 40 mg/L As(III) in
HCl 0.2 M, 62 mM hydrazine. Forward scan: cathodic. Insets: dependence of ip cathodic on the square root of the scan rate.
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versible. In the backward scan the reverse reaction occurs
which corresponds to the anodic stripping of deposited
As(0).
Figure 5B shows the CV recorded in the same solution
than in Figure 5A, but at a Aumacro electrode. In this case,
the reduction process takes place at less negative poten-
tial values (approximately at 0.245 V) than at the NEE,
with the peak current still linearly dependent on v1/2 (see
Figure 5B, Inset). The oxidation peak current recorded is
much higher than at the NEE, but still depends linearly
on v. This behavior indicates that the electrochemical pro-
cess occurring at the NEE and the Aumacro is the same.
The large cathodic shift in the peak potential relevant
to As (III) reduction at the NEE with respect to the
Aumacro, agrees with a slow electron transfer kinetics. It is
indeed known that NEEs behave like electrodes with par-
tially blocked surface [25,26], therefore they are more
sensitive to electron transfer kinetics than electrodes with
continuous surface, this reflecting in an increase in the
electrochemical overpotential which influences the elec-
trochemical behavior for redox couples with slow electron
transfer kinetics. For a reduction process this reflects in a
cathodic shift of the peak potential as observed by us for
arsenic.
Also the lower current for the As(0) stripping peak at
the NEE vs. the Aumacro agrees with the microscopic mor-
phology of the NEE. Since the gold active area is much
smaller at the NEE, a lower amount of elemental arsenic
can be deposited and, consequently, a much lower reoxi-
dation stripping peak is recorded. Note that at the strip-
ping peak a surface controlled process occurs (ip propor-
tional to v), while the reduction process is diffusion con-
trolled (ip proportional to v
1/2) and that at NEEs, even
under total overlap diffusion conditions, diffusional fluxes
at the nanoelectrodes are dramatically enhanced [25].
Such a different dependence on mass fluxes can explain
the large difference in peak current observed at the NEE
for the reduction versus reoxidation process.
3.3 AS-SWV of As(III) at NEE
For the determination of trace level of arsenic, we chose
to operate with NEE using anodic stripping-square wave
voltammetry, AS-SWV. Preliminary experiments indicat-
ed that a deposition time between 120 s and 180 s gives
good results, the final choice depending on the concentra-
tion of the analyte. At longer deposition times we ob-
served a decrease in the reproducibility of the stripping
peak current and shorter linear range (see below). This
fact is explained taking into account a saturation effect of
the available Au surface of the nano-sites of the NEE, in
agreement with the above cyclic voltammetric observa-
tions.
Figure 6 shows the AS-SWVs recorded at a NEE in
0.2 M HCl, 62 mM hydrazine, spiked with increasing
amounts of As(III). A very sharp stripping peak is record-
ed at 0.0 V, with peak current which scales linearly for
concentrations between 0.2 and 3.0 mg/L (see Inset).
The evidence that in Figure 6 the oxidation of As takes
place at less positive potential values could be due to the
fact that at nanoelectrodes in diluted solutions, only small
nuclei of elementary As are formed, whose oxidation is
energetically easier than that of a bulk deposit.
As shown in Figure 7 (triangles) the increase of As(III)
concentration above 8–10 mg/L causes the progressive
lowering of the sensitivity up to a saturation effect.
The effect of decreasing the deposition time to 120 s is
shown in Figure 7 (squares). As expected, the sensitivity
at low concentrations decrease, but the linear range in-
creases.
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Fig. 6. AS-SWVs at NEE in 0.2 M HCl at different As(III) concentrations (from 0 to 3.0 mg/L). Inset: Relevant calibration plot.
Deposition at 0.4 V for 180 s. Other parameters as in Figure 2.
Electroanalysis 2012, 24, No. 4, 798 – 806  2012 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.electroanalysis.wiley-vch.de 803
Electroanalysis of Trace Inorganic Arsenic with Gold Nanoelectrode Ensembles
For comparison, Figure 8 shows the AS-SWVs at a
Aumacro electrode recorded at As(III) concentrations from
20 to 150 mg/L, which shows that the stripping peak shifts
to slightly more positive potential values, with much
larger half-peak width (approximately 120 mV).
Table 1 compares the analytical parameters obtained
with a NEE and a Aumacro. The NEE furnishes a detection
limit roughly 2 order of magnitude lower, however the
linearity range at the NEE is shorter, in agreement with
the NEE agrees with the hypothesis of the saturation of
the gold nano-sites that occurs for the NEE: the larger is
the available gold surface, the wider results the linear
range.
In comparison with other nanostructured electrodes,
DL at our NEEs compares or is even slightly lower than
previous achievements [11–15].
3.4 Redox State Speciation and Copper Interference
Preliminary experiments performed with Aumacro elec-
trode confirmed the completion of the reduction of
As(V) to As(III) using cysteine as the reducing agent,
under the conditions described in the experimental sec-
tion. It was observed indeed that AS-SWVs performed
on equimolar concentration of As(III) generated by in
situ chemical reduction of As(V), and As(III) added di-
rectly as NaAsO2 give exactly the same voltammetric
peaks, with calibration plots displaying the same sensitivi-
ty. Figure 9 shows the AS-SWVs of As(III) produced by
chemical reduction of As(V) with cysteine, together with
the voltammograms recorded after two standard additions
of As(III). These signals scale linearly with the total con-
tent of As, indicating that the possible presence of a cys-
teine excess and of generated cystine do not interfere.
Since it is known that copper(II) can interfere with
As(III) ASV determination [46], we performed a series
of experiments adding increasing concentrations of
Cu(II) to a constant As(III) concentration (namely 2 mg/
L). It was observed that the stripping peak current of
As(III) is practically unaffected by the addition up to a 5-
fold copper excess. Two stripping peaks (not shown) for
Cu are indeed observed at approximately 0.100 V vs.
Ag/AgCl (Cu(0)!Cu(I)+e) and at +0.350 V (Cu(I)!
Cu(II)+e), but they are separated enough from the As
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Fig. 7. Ip vs. As(III) plot for continuous additions of As(III) at
deposition time of 180 s (triangles) and 120 s (squares).
Fig. 8. AS-SWVs recorded at Aumacro electrode at increasing concentration of As(III): 20, 50, 75, 125 and 150 mg/L. Inset: Relevant
calibration plot. Other parameters as in Figure 6.
Table 1. Comparison of the AS-SWV performances of NEE and
Aumacro electrode for the As(III) determination (deposition time
180 s). DL : Detection limit calculated as DL=3sb/m, where sb is
the standard deviation of the blank; LR=Linear range.
NEE Aumacro
DL 0.005 mg/L 0.75 mg/L
LR 0.2–6 mg/L 20–150 mg/L
Sensitivity (m) 65.57 mAL/mg 5.51 mAL/mg
sb 0.11 mA 1.38 mA
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peak to cause only a minor interference (max 4.5% for
the As stripping peak).
3.5 Preliminary Results in the Electroanalysis of
Certified Samples
The above-developed method was tested for the determi-
nation of As in CASS-4.
After reduction with cysteine (see Section 2.4.2), 5 mL
of CASS-4 were diluted 1 :1 with HCl (final concentra-
tion 0.2 M), adding hydrazine dihydrochloride (62 mM).
The AS-SWV is characterized by a peak at 0.0 V vs.
Ag/AgCl which increases linearly after standard addition
of As(III). The sample concentration, calculated by ex-
trapolation of the calibration plot shown in Figure 10 and
considering the dilution factor, was 1.180.06 mg/L
(based on three replicates). This value is in satisfactory
agreement with the value of 1.110.16 mg/L declared by
the National Research Council of Canada.
4 Conclusions
In the present work we demonstrate that DLs with NEEs
are significantly lower than those achieved with gold mac-
roelectrodes and are competitive with respect to other
nanostructured gold electrodes for the determination of
inorganic As. With respect to other nanostructured gold
electrodes, the surface of the NEEs is more controllable
and reproducible, since the geometry of the nanoelectro-
des is fully controlled by the geometry of the templating
membrane. On the other hand, NEEs present a shorter
dynamic range than the Au-macroelectrodes, therefore
their use is advised especially for trace and ultratrace de-
terminations, that is for concentrations<10 mg/L. This
agrees with the operativity of a surface saturation effect
which is enhanced by the very small active area of the
NEE.
The choice of the appropriate supporting electrolyte
minimizes the damage of the electrode surface and allows
one to use an individual NEE for one complete analysis
without suffering any deterioration problem. Anyway,
considering the low cost of the electrodes (from one
membrane of the cost of approximately 2 USD one can
prepare 40 NEEs) their use as disposable electrodes is
recommended.
Experiments with NEEs in certified samples showed
very good results supporting the practical applicability of
these nanostructured electrodes for trace As analysis in
natural water.
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